The SU(3) symmetric one-boson-exchange potential (OBEP) with a Gaussian soft core is proposed for interactions between two octet baryons. In this potential model, the breaking of the SU(3) symmetry is introduced by using the physical masses for the baryons and mesons. In the outer region (r ≥ 1fm), the OBEP works very well. In the core region (r ≤ 1fm), SU(3) symmetric Gaussian cores are introduced to guarantee the coexistence of the mechanisms of the meson exchange and the core, and the Gaussian cutoff function is multiplied to the OBEP. There are 22 free parameters, which consist of 11 SU(3) parameters for nonet mesons
§1. Introduction
In the past, many groups have treated various nucleon-nucleon (N N ) and hyperon-nucleon (Y N) potentials on the same footing. The Nijmegen group has proposed the NN and Y N potentials with a hard core 1) and, soft core 2) on the basis of the SU (3) symmetric one-boson-exchange potential (OBEP). The Bonn-Jülich group has presented the OBEP with a form factor, including a two-pion exchange contribution. 3) The Tokyo group 4) and the Kyoto-Niigata group, 5) etc. have studied the potential model based on the quark model. Ueda et al. proposed the SU (3) OBEP, adding the "σ" meson representing the two-pion exchange contribution. 6) One of present authors and a collaborator proposed the OBEP with retardation based on the exchange of the π, η, ρ, ω, δ and σ mesons, which is named the Funabashi potential. 7), 8) This potential has the following characteristics: (1) retardation and higher-order nonstatic effects, which are caused by the quadratic spin-orbit and velocity dependent terms, (2) a reduction parameter to adjust an over-estimation of higher-order nonstatic effects, and (3) a Gaussian soft core and a cutoff of the OBEP at the core region. Now, we extend the Funabashi potential to the SU (3) symmetric OBEP with a Gaussian soft core between the octet baryons (p, n, Σ + , Σ − , Σ 0 , Λ, Ξ − , Ξ 0 ) within the same framework. The octet baryons are treated on the same footing with the NN , Y N and Y Y systems. Two octet baryons are represented in the SU (3) irreducible representations (SU (3) irreps) as {27}, {10 * }, {10}, {8a}, {8s} and {1}. In this paper, we do not treat strangeness S = −2, −3 and −4 systems, except that the irrep {1} for S = −2 is discussed briefly in the ΛΛ scattering.
In the Funabashi-Gifu potential, we consider three types of the nonet mesons, the scalar mesons (σ; a 0 , f 0 , K * 0 ), the pseudoscalar mesons (η ; π, η, K), and the vector mesons (ω; ρ, φ, K * ). We use the physical masses of mesons and baryons, which are unique sources of the SU (3) symmetric breaking in our OBEP. All masses are taken from the compilation of the Particle Data Group 96 (PDG). 9) At present, however, the scalar mesons are still controversial. As the scalar meson, we employ σ (760 MeV; Γ = 640 MeV) as the singlet meson and f 0 (980 MeV) as the octet meson, which correspond to f 0 (400 ∼ 1200 MeV; Γ = 600 ∼ 1000 MeV) and f 0 (980 MeV), respectively. Very recently, σ (600 MeV; Γ = 450 MeV) was proposed as the singlet meson. 10) Thus we consider this value (case B) for comparison with the case of σ (760 MeV) mentioned above, which is case A.
The effects of the widths of broad mesons, such as σ (Γ = 640 MeV), σ (Γ = 450 MeV) and ρ (Γ = 150.7 MeV), are incorporated by the broad meson propagator as the dispersion integral. 11) In our potential, the mass integration has been carried out in the OBEP of the broad meson. On the other hand, the two-poles approximation has been made in the Yukawa function of the Nijmegen potential.
The SU (3) parameters are the singlet coupling g 1 , the octet coupling g 8 , g F /(g F + g D ) = α, and the singlet-octet mixing angle θ for the scalar, pseudoscalar and vector meson nonets. In addition, there are two types of couplings for the vector meson nonet, electric (V e ) and magnetic (V m ) ones. Thus there are 16 parameters in the SU (3) framework.
The following five constraints on the SU (3) parameters for case A are imposed: (1) The π coupling constant is fixed as g 8 Then there are 11 free parameters to be searched for.
In the core region, the SU (3) symmetric Gaussian core the following Y N reactions using multi-channel Schrödinger equations.
(1) The single channel:
The coupled channels:
The experimental data adopted here are the NN phase shifts appearing in the latest database SAID compiled by Arndt et al. 13) and the Y N data, 14) -18) which contains the total cross sections, integrated cross sections and differential cross sections. In addition to these data, there are the Λp phase shifts to reproduce the low energy parameters for the 1 S 0 and 3 S 1 states and the data of the inelastic capture ratio r R for the Σ − p channel. 19 
The contribution of the anti-symmetric spin-orbit potential is examined in the phase shift of the Σ + p and Λp reactions, and its effects are estimated.
In order to obtain good agreement with these experimental data, 22 free parameters are simultaneously determined for the NN and Y N systems employing a χ 2 -search with the simplex method.
The contents of this paper are as follows. In the next section we discuss the general framework of the SU (3) symmetric interaction in momentum space and treatment of broad mesons. In §3, the r-space OBEP for the scalar, pseudoscalar and vector mesons obtained with the Fourier transformation of the approximate pspace OBEP are presented. Also, the Gaussian core and cutoff function are discussed. In §4, we give the SU (3) representations of two-baryon states for strangeness S = 0, −1 and the matrix elements of the Gaussian core. In §5, we discuss the results of numerical calculations of NN and Y N systems in detail. In the final section, summary is given. In Appendix A, the relations between the SU (3) parameters and meson-baryon coupling constants are given. The approximate p-space potentials are given in Appendix B. The SU (3) representations of two octet baryons are given in Appendix C. §2. The SU (3) symmetric baryon-baryon potential in momentum space
The SU (3) invariant interaction Lagrangian for the meson-baryon coupling is defined as follows:
8 Tr(
The singlet coupling g 1 , the octet coupling constant g 8 , and the coupling ratio α are defined by
3)
The octet baryons matrix Ψ is written 4) and, for example, the octet meson matrix Φ 8 and the singlet meson matrix Φ 1 for the pseudoscalar mesons are written The η-η mixing angle θ is determined from the linear GMO mass formula as
where m 8 is the isosinglet octet meson mass. The same relations can also be written for the other nonet mesons.
The singlet coupling g 1 , the octet coupling g 8 , the ratio α, and the mixing angle θ are called the SU (3) parameters.
The baryon-baryon reaction is expressed as follows: The meson-baryon interaction Lagrangians for particles 1 and 3 (the 1-3 vertex) are expressed as follows:
10) 
14)
where k µ is the four momentum transfer, (γ µ , γ 5 
where
The general form of the p-space OBEP is written as
where V i (i = 0, . . . , 6) are functions of k 2 , q 2 and (k·q) 2 , and contain the propagator ∆(k 2 ). The p-space OBEPs are the same as those of Hoshizaki, Lin and Machida for NN systems. 22) In order to perform the Fourier transformation of the p-space potential to obtain the r-space potential, we keep terms up to first order in p 2 i /M 2 in the energy, such
From the Fourier transformation of Eq. (2 . 18), we can see that V 0 and V 5 correspond mainly to the central potential, V 1 and V 6 to the spin-orbit and anti-symmetric spin-orbit potentials, V 2 and V 3 to the (σ 1 · σ 2 )-type central and tensor potentials, and V 4 to the tensor and quadratic spin-orbit potentials, respectively.
The meson propagator∆(k 2 ) is approximated as 7)
is the effective meson mass, and
is the average baryon mass. In Eq. (2 . 19), the propagators ∆ and ∆ R give the ordinary potential V and retarded potential U , respectively. The OBEP V OBE is represented as
The details of the approximate p-space V and U in Eq. (2 . 21) are given in Appendix B. It has been found that the retarded potential U reflects the off-energy shell effects, and it plays an important role in a few nucleon and nuclear matter systems. 8) Also, these effects are expected to be essential also for Y N and Y Y systems. The effects of the width Γ of a broad meson, such as σ (Γ = 640 MeV) and ρ (Γ = 150.7 MeV) have been incorporated by replacing the propagator for a stable meson with the form
We write∆(k 2 ) as a dispersion integral:
We define the potential form of the broad meson by
where V OBE is given by Eqs. (3 . 9), (3 . 11)-(3 . 13) in §3. This method is applicable to various broad mesons. The Nijmegen group has treated only the sum of Yukawa potentials with two effective mass mesons. 1) §3. The baryon-baryon potential in coordinate space
The r-space BB potential is usually derived with the Fourier transformation of an approximate p-space BB potential. The Fourier transformations of the propagator in Eqs. (2 . 20a) and (2 . 20b) are given as follows:
The r-space BB potential due to the exchange of non-strange and strange mesons can be expressed in terms of the ordinary potential V and retarded potential U as follows:
Here P = 1 for non-strange mesons, P = −P x P σ with P x = (−1) L and P σ = 1 2 (1 + σ 1 · σ 2 ) for strange mesons, and
In this paper, we introduce the reduction parameter λ = 0.5 in the velocitydependent and quadratic spin-orbit potentials to adjust the higher-order nonstatic potential by comparing with the p-space potential. 8) The phenomenological Gaussian soft core for the central potential is introduced as
where V 0 and r G are the strength and the range, respectively. The role of this core is to define the potential around the origin, and to adjust the OBEP in the core region (0 < r < 1 fm). The core range r G = 0.5 fm (case A) and r G = 0.49147 fm (case B) were obtained from preliminary calculation.
The OBEP generally constructed with the δ-function source is infinite at the origin, in principle. The OBEP cannot be entirely applied in the core region, and there it is modified by the cutoff function F (r) to cut it smoothly:
where the power n = 4 is used to remove the largest singularity of quadratic spinorbit potential, i.e. the r −5 singularity at short range. Here r C = 0.4 fm is chosen to keep the OBEP behavior in the outer regions (r ≥ 1 fm), and to decrease its strength by about 50% at 0.5 fm. Then the BB potential is given by
The OBEP for the scalar, pseudoscalar and vector mesons exchange are listed below. Here the following abbreviations are used:
(1) scalar meson exchange: 
The SU (3) irreps of octet baryon pairs and core parameters
Product states of two octet baryons
The direct product of two SU (3) irreps can be decomposed into several SU (3) irreps {µ j }:
where {µ j } (j = 1, 2, . . . , 6) correspond to {27}, {10 * }, . . . , {1}. In this paper, the irrep {1} is not treated, because we do not discuss the Y Y system. However some comments regarding the core potential of {1} are given concerning the ΛΛ phase shift.
The product states of two octet baryons can be represented as follows: 23)
where the first factor on the right-hand side of Eq. (4 . 2) represents the ClebschGordan coefficients of the SU (2), the second factor the isoscalar factor, and third factor the SU (3) wave function of the octet baryon. Here
The symmetric and anti-symmetric unitary spin wave functions are defined as follows: 
where i, i = 1, 2, 3, 4 correspond to 1 E, 1 O, 3 E, 3 O states, respectively, the V ij are the core parameters. We consider, for instance, the Σ + n channel in the 1 S 0 state. The matrix element can be obtained from Table I (b) and Eq. (4 . 5): 
The SU(3) components of octet baryon pairs for S = −1.
Calculations and discussion
The SU (3) parameters and core parameters
In order to construct the SU (3) symmetric OBEP, the values of PDG given in Table II (a) are adopted for the masses of the meson nonets. In this table two cases of the scalar meson nonet are shown (cases A and B).
We have 22 free parameters, of which 11 are the SU (3) parameters and 11 are the core parameters. These free parameters are simultaneously determined by fitting to the NN phase shifts and the Y N data. The SU (3) parameters are searched for with the following considerations.
The coupling constant of π , f NNπ / √ 4π ≈ 0.265−0.275, is determined from analysis of the NN data. For preliminary analysis, we fixed g 8P / √ 4π = f NNπ / √ 4π = 0.266. For the vector meson nonet, we assume the SU (3) relation for the electric coupling constant g e = g V with α e V = 1.0. The magnetic coupling constant g m = g V +f V also obeys the SU (3) relation, and α m V is determined to fit the NN and Y N data. The mixing parameters for the pseudoscalar and vector mesons are fixed. We obtain θ P = −23.92 • for the pseudoscalar and θ V = 36.44 • for vector mesons from the GMO mass formula. For the scalar mesons, all of the SU (3) parameters are searched for as free parameters. Following the above considerations, the SU (3) parameters are searched for under following five constraints: The values of the SU (3) parameters obtained in cases A and B are somewhat different, especially for the g 8 coupling constant and the mixing parameter θ for the scalar mesons. The difference in the g 8 coupling constant for V e results in a significant difference in contributions of the ρ meson.
From the standpoint of the phenomenological Gaussian core, the core parameters were searched for within positive values. From Tables I(a) and (b), we can see the core of the pure irreps, {27}, {10 * } and {10} in the pp, pn, nn and Σ + p states. In the core region, a strong attractive (negative) potential seems to be inappropriate from the viewpoint of the conventional nuclear force and the quark model.
Together with the SU (3) parameters, we obtained the core parameters V ij given in Table III In the quark model, the Σ + p( 3 S 1 ) state is subject to the Pauli principle. Thus the core of the pure irrep {10}, V core (Σ + p) = V3 E{10} > 0, is necessary. In another For the 3 O state, V 41 ≡ V3 O{27} ≈ 0.03 implies that the OBEP gives an effectively repulsive core, and the Gaussian core is almost unnecessary.
The meson-baryon coupling constants
The relations between the SU (3) parameters and the meson-baryon coupling constants are given for the pseudoscalar meson in Appendix A. For the scalar and vector mesons, the same relations are obtained. In Table IV 
Our parameter search was performed without using the quark model. However, the parameter values are similar to those obtained with the quark model. Nevertheless, our NNφ direct coupling and NNρ coupling ratio are large for case A:
For case B, however, the NNρ coupling ratio is similar to that obtained using the quark model:
Regarding the ω coupling constants, the direct coupling, 9.0, and coupling ratio, 0.3, are also large compared to NSC89. 2) In particular, the coupling ratio is very large for case A: g In the near future, the final SU (3) parameter values will be determined from a large amount of data for the NN , Y N and Y Y systems.
NN results
The calculated phase shifts for case A are given in Figs. 1-4 for the 1 E, 1 O, 3 E and 3 O states, respectively. The phase shifts in case B are almost the same as those in case A. The experimental values with error bars in the figures are the latest single-energy phase shifts analyses from the SAID, in which there is a great deal of data with error bars for low angular momentum states. We see that the parameter values obtained are reasonable for low angular momentum states.
For the 1 S 0 state, phase shifts for pp and np systems were calculated using the same parameter values. These phase shifts are shown in Fig. 1 . The fitting is very good for 1 S 0 and 1 D 2 .
The calculated scattering lengths a s and effective ranges r s are compared with the experimental values in Table V . These parameters were obtained easily by adjusting the core parameter of 1 E. We searched for parameter values to fit the pp scattering length. For this reason, there is some discrepancy in the effective range and the np low energy parameters for the charge asymmetry.
The phase shifts for the singlet-odd states are shown in Fig. 2 . The fitting is very good for the 1 P 1 state, but it is poor for the 1 F 3 state at high energies. 
For the triplet-even state, the obtained phase shifts fit the experimental data quite well, as shown in Fig. 3 . We see that the fitting is good, except the 3 D 3 at high energies. The fit for the mixing parameter 1 is good.
The low energy parameters a t and r t for triplet-even state ( 3 E) and deuteron properties are listed in Table VI . Excellent fits have been obtained for a t , r t and deuteron binding energy E B . E B is 2.22459 MeV in the non-relativistic limit. Our value of quadratic moment Q d is somewhat small, because of the small value of f π . The D-state probability P D is comparatively small, but it is similar for that obtained using other potential models (5.0-6.0%).
The phase shifts for the triplet-odd states are shown in Fig. 4 . We can see from Fig. 4 that the agreement between the calculated phase shifts 3 P J , 2 and the experimental ones are satisfactory. However, there is some discrepancy in the phase shifts for the 3 F J states at high energies. Tables II(b) and III, the total cross section, integrated cross section and the differential cross section were calculated for various Y N channels. Only the calculated results for case A are shown in the figures. The values for case B are almost the same as those for case A. The phase shifts for some channels are given here to allow discussion of the core effects and the properties of the anti-symmetric spin orbit potential.
Y N results

Using the parameter values given in
A) Λp scattering
The calculated total cross section of the Λp → Λp reaction is shown in Fig. 5(a) , together with the experimental data of the Rehovoth-Heidelberg group (RH) 14) and the Maryland group (M). 15) The calculated results and the data of the Berkeley group in high-momentum region are shown in Fig. 5(b) . A cusp can be seen near the ΣN threshold energy.
The s-wave and p-wave phase shifts are shown in Figs. 6(a) and (b). The phase shifts for Λp( 1 S 0 ) and Λp( 3 S 1 ) below the ΣN threshold energy were calculated in order to confirm the properties of hypernuclei, 26) such as the fact that the potential of the 1 S 0 state is more attractive than that of the 3 S 1 state. We find a weak repulsion in the 1 P 1 state and a strong attraction in the 3 P 2 state. Such behavior is similar to that of the Nijmegen model D. On the average, the odd-state interaction is attractive, in contrast with the NSC97 models. An attractive odd-state interaction is suggested in phenomenological studies of hypernuclei. 27) The effective potential of Λp ( 1 S 0 ) is shown in Fig. 7 to elucidate the contribution of the Gaussian core. Here the net potential and the OBEP are illustrated separately. At low and intermediate energies, the OBEP in the core region is attractive, and the Gaussian core of irrep {27} plays a mainly repulsive role.
The scattering lengths and effective ranges of Λp ( 1 S 0 ) and Λp ( 3 S 1 ) are given in Table VII . potential at p Σ + = 400 MeV/c as shown in Fig. 9(b) . The s-wave phase shifts are shown in Fig. 10(a) . We obtain strongly attractive and strongly repulsive interactions for the 1 S 0 and 3 S 1 states, respectively. This opposite behavior is supported by the results obtained using the quark model interactions. 5) For the p-waves, the most prominent feature of our potential is a strong attraction in the 1 P 1 wave, as shown in Fig. 10(b) . This is quite similar to the situation for the Nijmegen models D and F. The NSC97 models and the quark model potentials also provide an attractive 1 P 1 interaction, but it is rather weak. The interactions in the other p-waves, 3 P 0 , 3 P 1 and 3 P 2 , are more or less similar to those of the NSC97 models and the other models mentioned above.
In Fig. 11 , the effective potential of Σ + p ( 3 S 1 ) is shown to elucidate the contribution of the Gaussian core. In the core region, the OBEP plays a mainly repulsive role and the Gaussian core of pure irrep {10} plays a supplemental role. In the quark model, the Σ + p ( 3 S 1 ) state is subject to the Pauli principle. Therefore the core of the pure irrep {10}, (d) Inelastic capture ratio The inelastic capture ratio at rest r R is defined as
2) where σ s and σ t represent the cross sections for the 1 S 0 and 3 S 1 states, respectively. The capture ratios at rest for Σ − p reactions are given in Table VIII , where they are compared with the experimental data. 18) - 20) The fit of the calculated capture ratios to the experimental data is reasonable. 19) 0.474 ± 0.016 20) 0.465 ± 0.011 21) D) Contribution of the anti-symmetric spin orbit potential Anti-symmetric spin orbit potentials (V ALS ) exist in the scalar and vector meson exchange potentials (see Eqs. (3 . 9), (3 . 11), (3 . 12) and (3 . 13)). In our potential model, there is no V ALS from the pseudoscaler meson exchange, in contrast to the situation in Ref. 4 ). The mass differences among the octet baryons generates V ALS that vanishes in the SU (3) limit. These potentials are expected to contribute the same L and J of the singlet-triplet coupling of the Y N system, such as coupled
). The mixing parameters ρ 1 of the Σ + p and Λp reactions at various energies were obtained with V ALS as shown in Fig. 17. From Fig. 17 , we can see that V ALS gives larger contributions to ρ 1 for the Λp channel than those for the Σ + p channel. However, we can see that V ALS does not contribute to the cross section from theoretical investigation and calculation. E) Some comments on ΛΛ ( 1 S 0 ) scattering In this paper, detailed discussion of strangeness S = 0 and −1 systems has been given. However, studies of hyperon matter in stars have been carried out by several groups. In particular, the scattering problem (S = −2) has been studied for several potentials by Takatsuka and Tamagaki. 28) We searched the core parameter of V1 S{1} for the case S = −2. We calculated the s-wave phase shift for ΛΛ scattering using channel-coupling (ΛΛ, NΞ, ΣΣ) and single-channel (ΛΛ) meth-ods. The results are given in Fig. 18 . With the channel-coupling method, we obtain V1 S{1} = 0.17281 GeV in agreement with phase shifts calculated using the Ehime potential. Our potential gives a strong attraction. Comparing the results of both channel-coupling and single-channel methods, the effect of the channel-coupling is found to be large and important. §6. Summary
We have constructed the SU (3) symmetric OBEP between octet baryons. Nonet meson such as the scalar, pseudoscalar and vector mesons, have been introduced in constructing our potential model. Our potential consists of the OBEP in the outer region (r ≥ 1 fm) and the SU (3) symmetric Gaussian soft core in the core region (r ≤ 1 fm).
The width of the σ and ρ mesons are very broad. We have performed the integration of the mass distribution of the broadness. The result is somewhat different from that obtained using the two-poles approximation. There is some uncertainty in the scalar meson (σ) at the present stage. Therefore we calculate two cases of scalar meson mass and expect the mass of the σ meson to be confirmed in the near future.
The results of our study is summarized as follows: (1) The phase shifts of NN scattering for various states fit the SAID quite well. (2) The low energy parameters of the 1 S 0 and 3 S 1 states for the NN channel fit the experimental values well. For the 1 S 0 states, it is difficult to fit the experimental data for both pp and np channels using the same parameter values simultaneously. The low energy parameters well fit for the pp channel only. Using this parameter set, the low energy parameters for the np channel are somewhat different from the experimental data. (3) The binding energy of the deuteron was obtained in agreement with the experimental value. (4) The fits of our calculated cross sections and differential cross sections to the Y N data are quite satisfactory, on the whole. For the inelastic capture ratio of Σ − p reactions, our OBEP gives a reasonable value. (5) The Gaussian cores of 3 E{10} and 3 O{27} are very weak, and the OBEP in the core region is dominant. (6) The anti-symmetric spin orbit potential plays an important role in the phase shits of the singlet-triplet coupling of the Y N channel, but it does not contribute to the cross section. (7) Studies of S = −2 systems (ΛΛ) can be carried out in regard to hyperon matter in neutron star. Our OBEP can be used in such a hyperon matter calculation. On the whole, the fitting of our potential is quite satisfactory. The Y N data are scarce at present. If accurate Y N data can be obtained experimentally, the parameters in this work should be refined so as to reproduce the NN and new Y N data.
Our OBEP is applicable to calculations of nuclear and hyper-nuclear structures. Applications to hyper-nuclei are in progress.
Numerical calculations were carried out using Dec Alpha Server 4100 at the 
